Lead poisoning is commonly diagnosed in cattle. In this study, 3 groups of cattle from different herds accidentally exposed to discarded lead batteries on pasture were intensively studied to determine the extent and severity of exposure. The losses from acute death due to lead toxicity were substantial in all the 3 study groups at 12%, 17%, and 4%. Blood samples were taken from all cattle around the time of the first diagnosis and then later in 2 of the 3 herds to monitor the change in lead concentrations over time. Asymptomatic lead toxicosis was observed in these herds. In these 3 groups, between 4% and 12% of asymptomatic cattle had blood lead concentrations consistent with acute lead poisoning (Ͼ0.35 ppm), and between 7% and 40% of these asymptomatic animals were in the high-normal range (0.1-0.35 ppm). Because of the consistently high number of asymptomatic cattle with elevated lead levels, all cattle potentially exposed to a lead source should be tested before sale or slaughter to minimize the entry of lead into the food chain. The blood lead concentrations, which were monitored for months after the initial diagnosis, decreased slowly after the cattle were removed from the lead source. The prolonged retention of lead may be due to continued release and absorption of lead from metal particles in the reticulum or rumen. The mean reduction in the lead level was 0.046 ppm (95% CI, 0.017-0.075 ppm) every 30 days for these 2 herds. Using a single-component exponential model, the half-life of lead in the animals retested from Herds 1 and 2 was highly variable. The median halflife was 63 days (interquartile range, 34-107 days). One out of 8 pregnant heifers with high blood levels had a stillborn calf. There were no abortions or calf mortalities in this group. Blood samples were collected from the calves around the time of birth. The concentrations of lead in the blood of the calves exposed in utero were low (0.010-0.095 ppm).
Lead poisoning is a common cause of toxicity in cattle in western Canada. 3, 14 Lead poisoning is both a food safety issue and an important cause of economic loss in beef and dairy herds. 2, 4, 5 There has, however, been very little research concerning the field management of lead exposure in beef cattle. 13 Little information is available on the absorption, distribution, and excretion of lead from field exposures. Traditionally, most veterinarians have requested testing for lead only in animals exhibiting clinical signs after lead exposure. When exposure to lead is suspected, clinical signs alone may not serve as an adequate screening tool to identify cattle with abnormal levels of lead in tissues intended for human consumption. The concentration of lead in the blood does not correlate well with the presence of clinical signs. 8 Asymptomatic animals might have ingested substantial amounts of lead and could have tissue lead levels considered unsuitable for human consumption. When exposed cattle are identi-fied, it is not known how long these animals should be held before they can be safely marketed or if, in fact, they should ever be marketed for human consumption. There is little information on the effects of lead exposure on subsequent fertility and calf viability. Finally, if the calf of an exposed pregnant cow does survive, it may have tissue levels of lead that negatively affect survival, fertility, or suitability for human consumption.
A large group of bred replacement heifers were placed on a pasture containing discarded vehicle batteries in southern Saskatchewan, Canada. Many animals died, but several pregnant heifers with high blood lead levels survived. Data from this group of animals were used to investigate the questions raised above. Two additional herds with similar exposure profiles were also investigated.
The first objective of this field study was to examine whether any animal that was exposed to lead and did not demonstrate clinical signs of lead toxicity had elevated blood and tissue concentrations of lead. The second objective was to describe the change in blood concentrations of lead in cattle after ingestion of lead particles from discarded batteries. Finally, the effect of lead ingestion on the risk of abortion, stillbirth, calf mortality, and subsequent fertility was examined in a group of exposed heifers.
Materials and methods
All animal data were collected under a protocol approved by the University of Saskatchewan Committee on Animal Care and Supply. Three herds with lead exposure were identified for a planned prospective observational field study after at least 1 case of lead toxicity was confirmed.
Herd 1. A group of 51 bred heifers, 1 steer, and 8 cows with calves were placed on a rented pasture of native grass in autumn. A bull had been previously pastured with this group for 60 days. Four heifers were found dead on pasture during a 15-day period in autumn. No necropsies were done. The local veterinarian identified 2 additional sick heifers from the pasture in question. Both heifers showed clinical signs consistent with acute lead toxicity. Blood samples were collected from the 2 sick heifers and submitted for lead analysis. The veterinary laboratory confirmed the diagnosis of lead poisoning. Blood levels of lead for the 2 heifers showing clinical signs were 0.45 and 1.2 ppm.
On Day 18 after the first death was noticed, the cattle were moved from this pasture to a corral on the home quarter. A fifth animal died in the corral. The herd owner subsequently euthanized the 2 previously treated animals and another heifer. Kidney samples were collected for analysis. Two more animals were also treated for signs of lead poisoning. The pasture was examined, and the herd owner found 2 old vehicle batteries along with evidence that cattle had recently been grazing in the area.
By Day 23, 8 of the 68 animals that had been grazing on the rented pasture had died. The owners of the cattle reported that the remaining animals were eating well and no new clinical cases had been identified. On Day 23, blood samples were collected from all cattle that had been grazed on this pasture. The animals were individually identified, examined for pregnancy, and scored for body condition. Additional blood samples were collected on Day 92 from all the surviving animals except 1 steer. A final set of blood samples were collected on Day 188 from the 6 surviving heifers with blood levels at or above 0.10 ppm on Day 92. Herd 2. The herd owner reported that a cow and a calf were acting strange on the pasture. The cow was walking through fences, falling down, and not eating. The cow died, and kidney samples were sent to the laboratory for lead analysis. The calf demonstrated classical symptoms of lead poisoning. Blood from this calf was sent to the laboratory for lead analysis. The lead concentration in the kidney of the dead cow was 134 ppm. The blood levels of lead from the calf at 0.62 ppm were consistent with a diagnosis of lead poisoning. Batteries were identified as the source of the lead in this investigation. Of the 22 animals on this pasture, 4 died.
On Day 45 after clinical signs were first noticed, the local veterinarian collected blood samples from 2 animals showing clinical signs. On Day 77 after the initial case was noted, blood samples were collected from 25 animals for lead analysis. Twenty-five animals were sampled because of some uncertainty about which animals had been in that pasture at the time of exposure. Ten animals with the highest blood levels of lead at the first testing were retested on Day 130. Three finished steers were retested again on Day 229 after the initial clinical signs were seen within the herd.
Herd 3. A local veterinarian was called to examine a steer, which was the fourth animal to have died in 1 week from a group of 128 steers on summer pasture. The owners had been feeding out the steers for slaughter since the previous autumn. The lead concentration in the liver from this steer was 8.92 ppm and was considered to be in the toxic range. The second day after initial clinical signs were noted within the herd, this veterinarian treated another steer. This steer also died, and the lead concentration in the liver was 6.35 ppm, which was also indicative of lead poisoning. On Day 7, 90 animals from the remaining group had blood samples collected for lead analysis. The final 33 blood samples were collected on Day 19.
Laboratory testing. The blood lead concentrations were determined using anode-stripping voltametry. a To determine the tissue levels of lead, the tissue was digested with nitric acid, reconstituted with distilled deionized water, and the lead content (wet weight) measured by atomic absorption spectroscopy at a wavelength of 217 nm.
The toxicology laboratory at Prairie Diagnostic Services, Saskatoon, Saskatchewan, defines a normal blood lead concentration as less than 0.1 ppm. Blood lead concentrations between 0.1 and 0.35 ppm are classified as ''high normal'' and are reflective of exposure to lead. Blood concentrations of lead above 0.35 ppm are considered diagnostic for clinical lead poisoning. As general guidelines, concentrations of lead in the bovine liver or kidney are considered normal in the 0-to 2.0-ppm range, high normal in the 2.0-to 5.0-ppm range, and toxic if greater than 5.0 ppm (5.0-300.0 ppm). 10 Statistical analysis. All data were summarized on commercially available software programs. b The change in the blood lead concentrations over time were examined using a multilevel model to account for both multiple observations from individual animals and multiple animal responses within herds. The concentration of lead in the blood was modeled as a function of time since the first clinical signs were recorded in each herd. A second-order term for time since the first diagnosis (time squared) was also introduced into the model but did not improve the model fit or affect the association between time and lead concentration and was then dropped.
The half-life for the elimination of lead was estimated for each pair of blood lead concentrations within individual animals using a simple single-compartment model for exponential elimination. 9 The median and interquartile range were then calculated for the distribution of the resulting halflives calculated from the data.
Records search. A search of the record system for Prairie Diagnostic Services in Saskatoon, Saskatchewan, was used to locate all the cases of lead poisoning examined by their laboratories from January 1, 1999, through November 31, 1999.
Results
Herd 1. One calf with previously unrecognized clinical signs was identified during the first blood sample collection on Day 23. Five of the remaining 60 animals (8.3%) that were on the contaminated pasture had blood lead levels greater than 0.35 ppm (Fig. 1) . Surprisingly, 3 of these 6 animals (4.2%) had blood lead levels consistent with lead poisoning and yet did not show any clinical signs of lead toxicity during the farm visit on Day 23. All the animals with toxic blood lead levels were young stock: 5 were heifers and 1 was a calf. Of the 5 heifers with toxic levels of lead in the blood, 4 were pregnant. The size and consistency of the uterus of the nonpregnant heifer suggested that she might have aborted recently.
Four more animals (6.7%) had blood lead levels in the high-normal range (0.1-0.35 ppm), which indicated significant exposure to lead but not necessarily clinical toxicity. All 4 of these animals were heifers and were pregnant.
Another heifer died on Day 53. This heifer had been treated on the pasture and had toxic blood lead levels when examined on Day 23. The kidney lead level for this heifer was 16.4 ppm. Additional blood samples were collected on Day 92 from all the surviving animals except 1 steer (Table 1) .
No significant difference was found, using the Wilcoxon signed rank test, between the Day 23 and Day 92 blood lead levels for the heifers that were bled on both occasions (P ϭ 0.1614) (Fig. 2) . The samples collected on Day 188 were, however, significantly lower than the samples collected on Day 23, again using the Wilcoxon signed rank test (P ϭ 0.036). None of the 8 heifers confirmed pregnant aborted before calving, and 1 heifer lost her calf at birth. None of the 7 surviving calves from these heifers died between birth and weaning.
Herd 2. Of the 25 asymptomatic animals that were examined on Day 77 (the first herd visit), 3 (12%) Figure 3 . Distribution of lead concentrations in blood (ppm) in potentially exposed calves from Herd 2 on Day 77 after the first clinical signs were noted and removal from the source of exposure occurred. were identified in the toxic range, and 10 (40%) were in the high-normal range (Fig. 3 ). Ten of these animals were retested 1 or 2 more times to monitor any change in the blood lead concentrations (Fig. 4) .
Herd 3. The surviving steers that had been exposed to lead showed no clinical signs, with the possible exception of 1 animal. This calf had been acting unusual 1 week before the deaths but recovered without treatment. Analysis of blood on Days 7 and 19 after diagnosis identified 5 more animals in the toxic range (4.1%) and 11 animals in the high-normal range (8.9%) ( Fig. 5) .
Changes in blood lead concentration after exposure. Individual animals in Herd 1 and Herd 2 were sampled either 2 or 3 times after diagnosis to monitor the decline in the concentration of lead in the blood. None of these animals had been treated for lead poisoning. The only animal that had been treated was excluded from the calculations. The mean reduction in the lead concentration of blood was 0.046 ppm (95% CI, 0.017-0.075 ppm) every 30 days for these 2 herds. Using a single-component exponential model, the median half-life of lead in the animals retested from Herds 1 and 2 was 63 days (interquartile range, 34-107 days).
Discussion
The economic losses from death due to lead toxicity were substantial in all 3 herds. The development of clinical signs and the occurrence of deaths from battery ingestion are very common and have been previously documented in Canada. 3, 6, 7 The extent of asymptomatic lead toxicity observed in these herds and its potential effect on the safety of beef from exposed herds has not, however, been well documented.
In this study all the exposed cattle were tested from 3 herds, in which there was group level exposure to old lead batteries. In most diagnostic toxicology laboratories, only animals with clinical manifestations of lead poisoning are tested. Animals without clinical signs are not routinely tested. This observation was verified in the record search of our local diagnostic laboratory.
Therefore, asymptomatic cattle are likely to enter the food chain some time after lead exposure. Previously, they have not been considered a potential risk for humans. In these 3 herds it was determined that between 4% and 12% of asymptomatic cattle had toxic concentrations of lead in the blood. Between 7% and 40% had blood lead concentrations in the high-normal range, suggesting substantial lead exposure. These data suggest that groups of cattle with documented exposure to a lead source, such as discarded batteries, should be tested before sale. Many asymptomatic animals may contain a sufficient lead burden to make them unsuitable for immediate entry into the food chain.
In the light of public health concerns, veterinarians need to consider the kinetics of lead metabolism in cattle to make rational decisions on the management of exposed animals. The oral absorption of lead salts and metallic lead is slow and incomplete. 8 Only 2%-10% of the ingested lead is absorbed, and insoluble lead complexes are excreted in the feces. Once absorbed by the gut, lead is rapidly distributed to soft tissues by the blood. Lead is deposited in the kidneys, liver, and bone. It can cross the placenta and enter the fetus. Accumulation may occur in the central nervous system of the neonate because of immaturity of the blood-brain barrier. Lead is excreted by active transport into bile and is eliminated in the urine. Secretion into milk and redistribution into bone may also be significant. Bone is the tissue that serves as the long-term storage site for lead. 8 In other species the initial deposition of lead in bone is at areas of active bone growth, such as the epiphyseal plate. The lead is deposited in cancellous bone and can account for 60% of the total body burden. 8 Tissue distribution and metabolism in the case of field exposures have not been well documented in cattle.
Seventeen animals with persistent abnormal concentrations of lead in the blood (Ͼ0.1 ppm) were identified during subsequent testing over a number of months. Changes in blood lead over time were highly variable between animals. A few animals had a higher concentration of lead in the blood during the second test period than the first, suggesting continued exposure or absorption of lead from the lead particles remaining in the reticulum or rumen. Because the data were very limited, a simple single-compartment model was chosen to estimate the half-life. Previous reports used this method to calculate a half-life of 10.5 days (SE, 1.1 days) for lead concentrations in the blood in a large group of cattle exposed to lead-contaminated feed. 1 In another recent study a similar degree of variability in the half-life of lead in blood was observed. 11 In this study the half-life of lead in the blood ranged between 48 and 2,507 days. Additional data on the distribution of lead in the rumen, reticulum, blood, liver, bile, kidney, urine, and bone of these animals would be necessary for a more accurate model of continued absorption, redistribution, and elimination. The data do suggest, however, that the half-life for blood concentrations associated with the ingestion of lead from old batteries may be at least 90 days. The lack of particulate battery lead and the limited absorption of lead in the contaminated feed study may account for the much lower estimate of the half-life of lead in the blood in that study compared with our study and the other study showing an extended and variable half-life. 1, 11 Pregnant asymptomatic heifers were identified in the first herd with concentrations of lead in the blood that made them unsuitable for sale for human consumption. Because lead can cross the placenta and accumulate in the fetus, the viability of the fetuses was questioned. This small group of heifers was allowed to calve. Within the group, 1 stillbirth and no abortions or calf mortality were observed. Blood samples collected from the calves within a few days of birth indicated that they had a low lead burden as reflected by the lead levels in the blood (0.010-0.095 ppm).
Previous studies have shown fetal losses associated with lead exposure. In an experiment where ewes were fed lead throughout gestation, a lambing rate of 18% was recorded compared with 100% lambing in the control group. 12 Over 27% of the exposed ewes aborted, whereas there were no abortions in the control group. Discrepancies between the sheep study and the present study in terms of abortion may be related to duration, timing, and level of exposure or species differences.
At parturition, there is a substantial increase in the calcium requirement, which results in the mobilization of calcium from the bone. Increased blood lead levels at parturition may be attributed to the mobilization of lead in the bone by calcium. 9 Lead is excreted in the milk. Additional blood samples from the calves at weaning after prolonged milk consumption from the exposed heifers would be necessary to evaluate the effect of lactational exposure of lead. Unfortunately, additional blood samples could not be obtained. Information on the future fertility of the heifers was also unavailable. Exposed but healthy heifers and cows may be suitable for retention in the breeding herd, but further study of long-term fertility and tissue distribution of lead in their offspring is necessary before this can be broadly recommended. 
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